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The dark axion portal is a recently introduced portal between the standard model and the dark
sector. It connects both the dark photon and the axion (or axion-like particle) to the photon
simultaneously through an anomaly triangle. While the vector portal and the axion portal have been
popular venues to search for the dark photon and axion, respectively, the new portal provides new
detection channels if they coexist. The dark axion portal is not a result of the simple combination
of the two portals, and its value is not determined by the other portal values; it should be tested
independently. In this paper, we discuss implications of the new portal for the leptonic g − 2, B-
factories, fixed target neutrino experiments and beam dumps. We provide the model-independent
constraints on the axion-photon-dark photon coupling and discuss the sensitivities of the recently
activated Belle-II experiment, which will play an important role in testing the new portal.
I. INTRODUCTION
Our universe can be divided into two sectors: the vis-
ible and the dark. The visible sector of the universe is
comprised of the standard model (SM) particles, whose
constituents were all identified with the last discovery
of the Higgs boson in 2012 [1, 2]. Just as the SM has
various kinds of fermions, gauge bosons, and a scalar
boson, the dark sector might also have a rich spectrum
of dark fermions, dark gauge bosons, and dark scalar
bosons rather than a single dark matter (DM) particle.
Although there has been no discovery of the dark sector
particles so far, the existence of the dark sector is backed
by significant observational evidence of DM [3].
It is natural to expect that there is a connection be-
tween the SM particles and DM particles other than grav-
ity as the typical explanations (freeze-out, freeze-in [4])
of the dark matter relic density require an interaction be-
tween the two sectors. While it is possible the dark sector
particles carry the SM weak charges (as in many super-
symmetric dark matter models), it may also be very pos-
sible they do not carry any charges under the SM gauge
symmetries. Even in the latter case, two separate sec-
tors might still be able to communicate with each other
if there is a ‘portal,’ a way to connect the visible sector
particles and the dark sector particles through a mixing
or a loop-effect.
There have been four popular portals:
(i) Vector portal: ε2 cos θW BµνZ
′µν ,
(ii) Axion portal:
Gaγγ
4 aFµν F˜
µν , · · · ,
(iii) Higgs portal: κ|S|2H†H, · · · ,
(iv) Neutrino portal: yNLHN .
The constraints on these portals can be found in Refs. [3,
5, 6]. The relic DM can be either a portal particle or a
particle coupled to portal particles via hidden interac-
tions (for examples see Refs. [7, 8]).
The vector portal [9] is a mixing between a SM gauge
boson and a dark sector gauge boson (such as dark pho-
ton [7] and the dark Z [10], which is a variant of the dark
photon with an axial coupling [11–17]). The axion portal
connects the axion or axion-like particle to a pair of the
SM gauge bosons. Recently, it was pointed out that a
‘dark axion portal’ [18]) may exist, connecting the dark
photon and axion to the SM. The new portal is indepen-
dent from the vector and axion portals as it arises from
a different mechanism.
When a new portal is introduced, it can provide new
opportunities to search for dark sector particles [5]. For
some of the recent studies using the dark axion portal,
see Refs. [19–23]. Because of the very small couplings be-
tween the dark sector and the SM particles, their masses
can be much smaller than the typical (electroweak - TeV)
scale of new physics. As a matter of fact, most of the
studies of the portal focus on the rather light masses as
we can see in the dark photon and axion (or axion-like
particle) cases. (For some mechanisms to introduce very
light particles, see Refs. [24–26].) Various studies can be
summarized in a similar fashion as in Ref. [27] that show
the constraints on the vast parameter space of the portal
particle (mass and coupling).
In this paper, we study the implications of the dark
axion portal for a roughly MeV - 10 GeV scale dark pho-
ton, the mass range focused on by the typical intensity
frontier new physics [5]. We investigate possible signals
of the new portal at the B-factories and use the existing
data from the BaBar experiment to constrain the axion-
photon-dark photon coupling. We also study the sensitiv-
ities of the new Belle-II experiment for both Phase II and
Phase III running. Belle-II began data taking in April
2018 with a partially complete detector, and will be one
of the major players in the intensity frontier physics over
the next decade. We also study the implications for the
muon and electron g−2 and determine the constraints on
the new coupling from existing measurements. Finally,
we study possible dark axion portal signals at the LSND
and MiniBooNE fixed target neutrino experiments, and
the CHARM proton beam dump.
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2While we focus on MeV - 10 GeV scale physics, much
heavier particles can be searched for by energy frontier
experiments such as the LHC experiments; much lighter
ones may be observed by the cosmic frontier observations
such as stellar cooling and supernovae.
The exact nature of the axion-photon-dark photon cou-
pling is model dependent and the predictions may change
depending on other related couplings (such as the axion-
photon-photon and axion-dark photon-dark photon cou-
plings), but we will treat it in a model-independent way
by taking the limit where only axion-photon-dark photon
coupling is relevant.
In Sec. II, we briefly discuss the dark axion portal ver-
tex, and elaborate on our parameterization. In Sec. III,
we discuss the search channels and constraints for the
dark axion portal from the BaBar and Belle-II exper-
iments. In Sec. IV, we discuss the contributions to the
electron and muon g−2 from the new axion-photon-dark
photon vertex and obtain constraints from current mea-
surements. In Sec. V, we study the ability of the LSND
and MiniBooNE fixed target neutrino facilities to con-
strain the dark axion portal. In Sec. VI, we place limits
on the dark axion portal parameter space with two anal-
yses at the CHARM experiment, and make a few com-
ments on electron beam dumps. In Sec. VII, we provide
a summary of our study and future directions.
II. DARK AXION PORTAL
The axion portal and the dark axion portal terms [18]
can be written as following.
Laxion portal = Gagg
4
aGµνG˜
µν +
Gaγγ
4
aFµν F˜
µν + · · · (1)
Ldark axion portal = Gaγ
′γ′
4
aZ ′µνZ˜
′µν +
Gaγγ′
2
aFµνZ˜
′µν(2)
The dark axion and the axion portal are constructed
using the anomaly triangle and the actual couplings de-
pend on the details of the model. For instance, in the
dark KSVZ axion model introduced in Ref. [18], the por-
tal couplings are given as
Gaγγ =
e2
8pi2
PQΦ
fa
[
2NCQ
2
ψ −
2
3
4 + z
1 + z
]
, (3)
Gaγγ′ ' ee
′
8pi2
PQΦ
fa
[
2NCDψQψ
]
+ εGaγγ , (4)
Gaγ′γ′ ' e
′2
8pi2
PQΦ
fa
[
2NCD
2
ψ
]
+ 2εGaγγ′ , (5)
where NC = 3 is the color factor. e (e
′) and Qψ (Dψ)
are the electric (dark) coupling constant and charge of
the exotic quarks in the anomaly triangle. fa/PQΦ is
the mass scale of the exotic quarks. z = mu/md ' 0.56
is the mass ratio of the u and d quarks. ε is the vector
portal coupling which we take to be 0 in our study.
While one can consider the coupling in the context of
a specific model that can decide the couplings in terms
e+
e−
γ ′
a
γ
Gaγγ′
FIG. 1. Electron-positron annihilation to on-shell a and γ′.
Observable at B factories as a monophoton produced through
subsequent decay γ′ → γa.
of the model parameters and provide connections among
them, we focus on the limit where a model independent
treatment makes sense and consider only the Gaγγ′ cou-
pling. Specifically, we take ma  mγ′ and also take the
view the model-specific part of the Gaγγ such as the elec-
tric charge contribution are arranged to make Gaγγ small
enough to neglect its effect in the analysis we perform in
this paper.
We do not claim that the a should be the QCD axion,
but take it to an axion-like particle with a mass much
smaller than that of the γ′. The Gaγ′γ′ is nonzero, but
the on-shell decay process a→ γ′γ′ is kinematically for-
bidden, while the off-shell process would be negligibly
small. While the decay a → γγ is allowed, by consider-
ing a very small ma, the aforementioned arrangement to
minimize Gaγγ would ensure the the a is sufficiently long-
lived to escape the B-factory detectors before its decay
and its effect on the lepton g − 2 is suppressed, making
the effect of the Gaγγ negligible in our analysis. More
general cases and their implications will be studied in
subsequent works.
III. B FACTORIES
A. BaBar
BaBar [28] is an asymmetric electron-positron collider
with a 9 GeV electron beam and a 3.1 GeV positron beam
for a center of mass energy of 10.5 GeV. The experiment
collected an integrated luminosity of over 500 fb−1 [29]
between 1999 and 2008, but the monophoton trigger was
only implemented for its final running period.
Low-Cut High-Cut
E∗γ [2.2, 3.7]GeV [3.2, 5.5]GeV
cos θ∗γ [−0.46, 0.46] [−0.31, 0.6]
Luminosity 19 fb−1 28 fb−1
Efficiency 55% 30%
TABLE I. Kinematic cuts on the BaBar Low-Cut and High-
Cut samples. E∗γ is the center of mass energy of the detected
photon and θ∗γ is the angle of the photon relative to the beam
axis in the center of mass frame.
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FIG. 2. As an illustration, we provide a histogram of the co-
sine of the center-of-mass emission angle cos θ∗γ for a sample of
4×105 secondary photons produced through e+e− → a(γ′ →
aγ) for High-Cut energies. The boxed window reflects the
imposed High-Cut cos θ∗γ range detailed in Table I. Of the 10
6
events initially generated, 1.36× 105 survive both the energy
and angle cuts. The bin size for this histogram was chosen
to provide a good representation of the angular distribution,
but is not relevant to the analysis.
We examine the process e+e− → aγ′ shown in Fig. 1,
and calculated with FeynCalc [30, 31] to be
dσ
dt
=
αEMG
2
aγγ′
16s3
(
2m4γ′ − 2m2γ′(s+ t+ u) + t2 + u2
)
,
(6)
where s = (pe− + pe−)
2, t = (pγ′ − pe−)2 and u =
(pa − pe−)2 are the Mandelstam variables. This process
can result in the production of a monophoton final state
through a subsequent γ′ → aγ decay, so long as the γ′ is
reasonably prompt. We will assume that ma  mγ′ ,
and that the a is sufficiently long-lived to escape the
BaBar detector before decaying radiatively. We follow
the approach of Ref. [32] in using BaBar’s Υ(3S)→ γA0
data, where A0 is some invisibly decaying scalar particle
[33]1. This set of data records the measured center-of-
mass energy of detected monophotons, E?γ . The data is
divided into overlapping Low-Cut and High-Cut E?γ do-
mains, where the Low-Cut domain is E?γ ∈ [2.2, 3.7] GeV,
and the High-Cut domain is E?γ ∈ [3.2, 5.5] GeV. See Ta-
ble I for a summary of the cuts, luminosities and efficien-
cies.
Samples of 106 e+e− → aγ′ events were generated
with CalcHEP 3.6.27 [35, 36] for 45 dark photon masses.
The subsequent γ′ → aγ decays were simulated using
an external Python code. As in Ref. [32], the simu-
lated photons were smeared using a Crystal Ball func-
tion (see Ref. [37]) with n = 1.79, α = 0.811 and
1 The limits we will place using this data could potentially be
improved by using a larger BaBar analysis that included a back-
ground model [34].
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FIG. 3. Cross sections for the processes e+e− → aγ′ and
e+e− → aγγ′ with ma  mγ′ Eγ ∈ [2.2, 5.5] GeV. The
cross section of e+e− → aγγ′ is heavily suppressed relative to
e+e− → aγ′ due in part to the three body final state.
σ/(E?γ) = 0.015×
(
GeV/E?γ
)3/4
+ 0.01. In the absence of
a background model, we will place a conservative limit
on the coupling constant Gaγγ′ by treating all measured
events as signal, and taking the maximum value of Gaγγ′
for which the theory prediction does not exceed the mea-
sured number of events in any bin of either the High- or
Low-Cut data by more than 2σ.
A sample of the angular distribution of photons pro-
duced in the chain e+e− → a(γ′ → aγ) is shown in Fig. 2.
The events from e+e− → aγ(γ′ → aγ) could be poten-
tially relevant, as the primary photon is preferentially
emitted along the beam axis while the secondary pho-
ton produced through the γ′ decay has a much broader
angular distribution and frequently passes the required
monophoton cuts. However, this process possesses a
much smaller cross section than pure annihilation (com-
pare the lines shown in Fig. 3) and would contribute at
a subleading level to the observed monophoton signal.
We show the limits obtained by BaBar, using only
e+e− → a(γ′ → aγ), for ma  mγ′ in Fig. 4. For
mγ′ ≤ 100 MeV, the lifetime can become sufficiently large
for relevant values of Gaγγ′ that dark photons begin to
escape the detector before they decay, reducing the num-
ber of observed monophoton events:
cτγ′ ≈ 5.95× 10
−14 m ·GeV
G2aγγ′m
3
γ′
(for ma  mγ′) (7)
≈ 60 m×
(
10−3 GeV−1
Gaγγ′
)2
×
(
1 MeV
mγ′
)3
. (8)
This is reflected in a pronounced shoulder in the limit
contour as, due to the decline in mγ′ , the lifetime of the
γ′ becomes of O(1 m), a length comparable in size to the
BaBar detector.
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FIG. 4. Limits placed on Gaγγ′ for the hierarchical mass scenario with ma  mγ′ . The BaBar line refers to searches for
monophotons produced through e+e− → aγ′ followed by the decay γ′ → aγ. Also shown are projected sensitivities for a similar
search in Phase-II and III of the Belle-II experiment. The LSND and MiniBooNE lines reflect a search for excess neutral current
elastic scattering events in the LSND and MiniBooNE detectors. The CHARM constraint is the result of a search for γ′ → aγ
decays in the CHARM fine-grain detector. The electron and muon g-2 constraints represent parameter space for which the
scenario is excluded due to changes in the lepton anomalous magnetic moment that are incompatible with current experimental
measurements.
B. Belle-II
The Belle-II experiment [38] is the successor to the
Belle and BaBar experiments, and has recently begun
taking data as part of Phase II of its operations. Phase
II aims to record 20 fb−1 of integrated luminosity with a
partially completed detector, while Phase III of the ex-
periment will take 50 ab−1 of data with the completed
detector and the SuperKEKB particle accelerator. Un-
like BaBar, Belle-II will run with a monophoton trigger
for the entirety of its run. To estimate the sensitivity of
Belle-II to the a-γ-γ′ vertex, samples of 106 e+e− → γγ′a
events were generated with CalcHEP 3.6.27 [35, 36] for 48
values of mγ′ chosen so as to smoothly render all features
of the contour. Photons were generated through the de-
cay of the γ′ and the number satisfying the preliminary
cuts shown in Ref. [39] were recorded. This preliminary
analysis predicted that 300 background events would sur-
vive these cuts for 20 fb−1 of data, and we scale this to
7.5× 105 background events for 50 ab−1.
We show contours for the expected Phase-II and
Phase-III luminosities, with 2
√
300 events for the 20 fb−1
contour, and scale up these backgrounds to 2
√
7.5× 105
events for the 50 ab−1 contour for ma  mγ′ in Fig.
4. Thanks to a combination of greater luminosity and
generous angular cuts, Belle-II is capable of probing far
smaller values of Gaγγ′ than BaBar.
IV. LEPTON g − 2
The dark axion model introduces the new two-loop
contribution to the lepton anomalous magnetic moment
shown in Fig. 5. The change to lepton a` = (g − 2)/2 is
given by [40, 41]:
∆a` =
α
pi
∫ 1
0
dx(1− x)ΠR(sx)− α
3pi
cm2`G
2
aγγ′ , (9)
where c is a positive free parameter introduced during
the renormalization of the a-γ-γ′ vertex (see App. A for
further details),
sx ≡ − x
2
1− xm
2
` , (10)
and
ΠR(q
2) = Π(q2)−Π(0)− q2Π′(0) (11)
=
∫ 1
0
dx
[
log
(
xm2a + (1− x)m2γ′
xm2a + (1− x)m2γ′ − x(1− x)q2
)
×(xm2a + (1− x)m2γ′ − x(1− x)q2)−
q2
6
]
. (12)
While the free parameter c makes the theory unpredic-
tive, both terms that contribute to ∆a are always nega-
tive, and conservative limits can be placed on Gaγγ′ by
5a γ
′
γ
γ
ℓ
ℓ
γ
Gaγγ′
Gaγγ′
FIG. 5. Two-loop diagram providing the leading contribu-
tion to lepton anomalous magnetic moment including a-γ-γ′
vertices.
assuming c = 0, as non-zero values of c will only mag-
nify the effect of the dark axion portal contribution and
correspondingly improve the limits. The current best
measurements of the anomalous magnetic moment of the
muon come from a muon storage ring at Brookhaven Na-
tional Laboratory [42–45]. Their measurement exceeds
the theoretically predicted value by 3.5σ [3],
∆aµ = aµ(exp)− aµ(SM) = (26.8± 7.6)× 10−10. (13)
The dark axion portal unfortunately exacerbates this dis-
agreement. We place a limit where the SM+dark axion
portal increases ∆aµ by 15.2 × 10−10, a 5.5σ disagree-
ment. In the future, the E989 collaboration at FNAL
intends to improve on the precision of the current exper-
imental measurement by a factor of three [46].
The electron anomalous magnetic moment has been
determined most accurately through one-electron quan-
tum cyclotron experiments and measurements of the
ratio between the Planck constant and the mass of
Rubidium-87 [47–49]. The theory prediction [50] exceeds
experimental measurements by approximately 1σ [51],
∆ae = ae(exp)−ae(SM) = −(1.06±0.82)×10−12. (14)
The dark axion portal can reduce the disagreement be-
tween theory and experiment of the electron anomalous
magnetic moment. We place a limit where the dark axion
portal contribution overcorrects the difference between
the SM and experiment, and ae disagrees with the ex-
perimentally measured value by more than 2σ. Both this
contour and that derived for muon g − 2 are shown in
Fig. 4.
While the two-loop contribution from the dark axion
portal cannot resolve the muon g − 2 discrepancy (be-
cause of the wrong sign), the situation could become
nontrivial if we allow for the model-dependent contri-
butions from a-fermion-fermion Yukawa couplings or a-
γ-γ coupling (Gaγγ). As studied in Ref. [52], the com-
bined effect of Bar-Zee one-loop diagrams and light-by-
light and vacuum polarization two-loop diagrams might
resolve the muon g − 2 discrepancy if sufficiently large
pi0, η
γ
a
γ ′
γ
Gaγγ′
FIG. 6. Decay of the pseudoscalar mesons pi0 and η to γaγ′
used in the analysis of LSND, MiniBooNE and CHARM. The
off-shell internal photon and three body final state suppress
the branching ratio.
coupling strengths are allowed. We will study this more
general situation in subsequent works.
V. FIXED TARGET NEUTRINO
EXPERIMENTS
Fixed target neutrino experiments (FTNEs) impact
high intensity proton beams onto thick targets to produce
charged mesons, primarily pions and kaons, the decays of
which produce neutrinos. FTNEs deliver in excess of 1020
protons on target (POT) over the life of their running
time. While the objective of FTNEs is to study neutrino
oscillations, their high intensity and low Standard Model
backgrounds are also well suited to searching for hidden
sector states with sub-GeV masses [53, 54]. This section
will consider the sensitivity of LSND and MiniBooNE to
the dark axion portal by repurposing published analyses
of neutral current elastic scattering. All cross sections in
this section were calculated with the assistance of Feyn-
Calc [30, 31].
Alongside the charged mesons, FTNEs also produce
the neutral pseudoscalar mesons pi0 and η. The pi0 is
produced in quantities similar to those of the pi+ and
pi−, while the η is produced at a rate suppressed by a
factor of 20 to 30 [55, 56]. The a and the γ′ could be
produced in radiative decays of the pseudoscalar mesons
through the diagram shown in Fig. 6. The partial decay
width of the decay pi0 → aγγ′ is given by
d2Γ
dm212dm
2
23
=
1
(2pi)3
1
32m3pi0
|M|2, (15)
where m2ij = (pi + pj)
2 for i, j = 1, 2, 3, where particle 1
corresponds to the γ, particle 2 is the a and particle 3 is
6the γ′, and the amplitude is
|M|2 = e
4G2aγγ′
64pi4f2pim
4
23
[
m423
(
m212 +m
2
23 −m2a −m2pi0
)2
−m223
(
m223 −m2pi0
) (
m223 −m2a +m2γ′
)
× (m212 +m223 −m2a −m2pi0)
+
1
2
(
m223 −m2pi0
)2 (
m223 −m2a +m2γ′
)2
−m223m2γ′
(
m223 −m2pi0
)2 ]
,
where me is the electron mass, e =
√
4piαem and
αmathrmem is the fine structure constant. The same
expression holds for η, but with mpi0 → mη The decay
width is suppressed by the kinematics of the three-body
final state and the off-shell internal photon propagator.
Interestingly, the η is far more likely to decay to the dark
sector than the pi0 due to the dependence of the width
on the meson mass.
Both the a and the γ′ are able to propagate to the
neutrino detector where they could be observed through
the inelastic scattering channels ae → γ′e and γ′e → ae
shown in Fig. 7. The scattering cross section is given by
dσ
dt
=
1
64pis
SΣ|M|2
|p1cm|2 , (16)
where s and t are the Mandelstam variables, p1cm is the
center of mass momentum of the incoming a or γ′, S =
1
2s+1 is a spin symmetry factor, and is equal to 1 for the
a and 1/3 for the γ′, and the squared amplitude is given
in the limit of ma → 0 by
Σ|M|2 = −G
2
aγγ′e
2
6t2
[
m4γ′
(
2m2e + t
)− 2m2γ′t (m2e + s+ t)
+ t
(
2[m2e − s]2 + 2st+ t2
) ]
. (17)
Should the γ′ be sufficiently massive, it will decay to
aγ before reaching the detector, and only a beam of the
long-lived a’s will reach the detector. The mass reach
of FTNEs is restricted by the kinematics of the inelas-
tic scattering, as the a must be increasingly energetic to
scatter into a higher mass state. There is an additional
complication in a-electron scattering should the γ′ not es-
cape the detector before its decay. See Fig 8 for some ex-
amples of the characteristic travel distances before decay.
As we will be comparing with Neutral Current Elastic-
like analyses to impose limits on the dark axion portal,
we will exclude events in which the scattering produces
an additional photon.
A modified version of the BdNMC code [57] was used
to simulate both the production and detection of the
dark matter signal expected at LSND and MiniBooNE.
In the case of LSND, the code takes a momentum distri-
bution of initial mesons chosen based on the experiment
and beam energies and produces meson four-momenta by
a γ
′
γ
e e
Gaγγ′
aγ′
γ
e e
Gaγγ′
FIG. 7. Inelastic scattering channels observable by Mini-
BooNE and LSND. The right-hand diagram is always kine-
matically accessible, while the left-hand diagram requires an
energetic a to enable scattering into the higher mass γ′ state.
sampling the distribution using an acceptance-rejection
algorithm. In the case of MiniBooNE, the code draws
four-momenta from a prepared list of sample mesons gen-
erated by the MiniBooNE Collaboration. Decays into
dark sector particles are generated from the selected me-
son four-momenta, and the propagation trajectories of
those particles are checked for intersection with the de-
tector geometry. If the γ′ decays before reaching the
detector, the resulting decay axion is also checked for
intersection. The likelihood of this process is highly de-
pendent on the precise value of Gaγγ′ , but adjusting the
coupling has only a minor effect on the event rate be-
yond the expected G4aγγ′ scaling for the parameter space
of interest, as γ′ particles are replaced with a particles.
Once a dark sector particle i reaches the detector, it
scatters with a probability of
Pi =
σ(Ei)× Li
Pmax
, (18)
where Ei is the energy of the incident particle, Li is the
length of the particle intersection with the detector, σ
is the scattering cross section and Pmax is the maximum
recorded scattering probability. Once a scattering oc-
curs, the differential scattering cross section is sampled
with acceptance-rejection, and a set of end state parti-
cles is generated and recorded. The total event rate is
calculated as
Nevents =
Nscatter
Ntrials
Pmax
∑
α=pi0,η
Nα×Br(α→ aγγ′), (19)
where Nscatter is the number of scattering events gener-
ated, Ntrials is the total number of attempts that were
required to generate those scattering events, and Nα is
the total number of mesons of type α produced by the
experiment.
Some additional processing was performed while cal-
culating the constraint line in order to determine the
probability that the secondary dark photons produced
in ae → γ′e scattering escaped the detector undetected.
Each experiment excludes a region of the parameter space
if it would observe in excess of some number of dark sec-
tor events Ncut, where this is largely determined the size
72 4 6 8 10
0.001
0.010
0.100
1
10
100
1000
mγ' (MeV)
M
e
a
n
T
ra
v
e
l
D
is
ta
n
c
e
(m
)
Dark Photons reach and escape LSND without decaying
Secondary Dark Photons escape LSND before decaying
Secondary Dark Photons decay inside LSND
Dark Photon Energy = 100MeV
30m - Distance to LSND
1m - Cut on fiducial volume
Axions always reach LSND
(a)
2 4 6 8 10
0.001
0.100
10
1000
mγ' (MeV)
M
e
a
n
T
ra
v
e
l
D
is
ta
n
c
e
(m
)
Dark Photons reach and escape MiniBooNE without decaying
Secondary Dark Photons escape
MiniBooNE before decaying
Secondary Dark Photons decay
inside MiniBooNE
Dark Photon Energy = 400MeV
490m - Distance to MiniBooNE
1m - Cut on fiducial volume
Axions always reach MiniBooNE
(b)
FIG. 8. Mean travel distance before decay for characteristic
energies of γ′ at (a) LSND and (b) MiniBooNE. Also marked
are relevant distance scales: the distance to the LSND and the
MiniBooNE detectors as well as the 1 m fiducial volume cut.
The secondary γ′ produced in the LSND and MiniBooNE
detectors through ae → γ′e scattering have lower energies
than those produced in the target.
of the neutrino signal. The value of Gaγγ′ was calculated
iteratively with
Gi+1aγγ′ =
(
Ncut
Neventsi
)0.25
×Giaγγ′ , (20)
where G0aγγ′ was the value of the coupling used for the
simulation and i is an efficiency factor representing the
percentage of dark photons that escaped the detector and
0 = 1. The efficiency factor was calculated for each
Giaγγ′ for i 6= 0 as follows: The probability of a dark
photon with energy Ej traveling a set distance L before
decaying was averaged over a range of L between 1 m
and the size of the detector itself. The lower bound of
1 m was chosen to ensure that the dark photon did not
decay in any veto regions surrounding the fiducial vol-
ume of the detector. The value i was set to the fraction
of γ′ which escaped the detector undetected for a cou-
pling of Giaγγ′ . This limit could be improved by a more
refined treatment of the cut-off, but this would require
an analysis using the experiment’s own detector Monte
Carlo. As implemented, this process provides a conserva-
tive estimate of the cutoff, as any refinement would lead
to an improvement of the efficiency factor . A more
complicated treatment is also possible by more carefully
considering the detector geometry but it would only lead
to small changes in the constraint contour as the behavior
of the efficiency factor is primarily determined by the cut-
off of 1 m. This iterative process was terminated when
i
(
Giaγγ′
)4
Nevents differed from Ncut by less than some
tolerance fraction, which we took to be 1%. Note that
the efficiency only becomes important for masses suffi-
ciently large that almost all γ′ decay before reaching the
detector, as otherwise  ≈ 1. See Fig. 8 for a visual
representation of this effect.
A. LSND
LSND was an experiment that ran at Los Alamos Neu-
tron Science Centre from 1994 to 1998 [58, 59]. The
experiment delivered a total of 1.8 × 1023 POT with a
kinetic energy of 798 MeV. The experiment used a 167
tonne mineral oil detector with a diameter of 5.7 meters
and a length of 8.3 meters located 30 meters downstream
and 4.6 meters below the target2.
This analysis will be following the lead of previous
efforts in Refs. [60, 61] and focus on aγγ′ produc-
tion through radiative pi0 decays, as the η is unlikely
to be produced in significant numbers. We follow pre-
vious work and estimate the pi0 production rate to be
Npi0 = 0.06×POT= 1.08×1022. The Burman-Smith dis-
tribution [62] was used to generate the pi0 momentum
distribution.
For signal, we compare the expected signal from the
dark axion portal with the analysis presented in Ref. [63],
and look for electron recoil events with energies in the
range [15, 53] MeV. We assume a detection efficiency of
16%, and place a limit on 110 dark axion portal events.
Events in which a photon is subsequently produced inside
of the detector by the decay of the γ′ are discarded. The
drop in the event rate is reflected by the sudden cutoff in
the constraint curve in Fig. 4, as the distance the dark
photon travels before decaying is much smaller than the
size of the detector for mγ′ ≥ 2.5 MeV. If some means of
ignoring or utilizing the photon produced in the decay of
the γ′ was available, we would expect LSND to be able
to place limits on the scenario for mγ′ < 30 MeV.
2 When calculating the event rate, it is important to note that
substantial portions of the detector were excluded from the fidu-
cial volume to serve as cosmic vetoes and improve reconstruction
efficiency.
8B. MiniBooNE
MiniBooNE is a fixed target neutrino experiment at
Fermi National Accelerator Laboratory (FNAL) that was
conducted, in part, to verify the results of the LSND ex-
periment. It ran in on-target mode from 2002 to 2012
with a 70 cm beryllium target [64–66]. However, more
useful for this analysis was a later 2013-2014 run in which
the MiniBooNE experiment ran in off-target mode, di-
recting their proton beam around the target and into
the steel beam dump at the end of a 50 m long open air
decay pipe [67, 68]. This dramatically reduced the back-
ground from the neutrino signal itself. During this run,
the MiniBooNE experiment received 1.86 × 1020 POT
with a total energy of 8.9 GeV. The MiniBooNE detec-
tor is a 12 m diameter sphere filled with 818 tonnes of
mineral oil and located 490 meters downstream from the
steel beam dump [69].
A similar analysis to that of LSND can be performed
for MiniBooNE, and this work will mirror previous dark
matter searches at proton fixed targets [57, 70]. Only
pi0 and η decays are considered in this work. While
proton bremsstrahlung could contribute, meson decays
dominate the hidden sector signal at these experiments
for mγ′ masses below 100 MeV. The pi
0 and η produc-
tion rates and distributions are drawn from the pub-
lic data release in the recent MiniBooNE analysis [68].
The total number of pi0’s produced is calculated to be
Npi0 = 2.5× 1.86× 1020 = 4.65× 1020, while the number
of η’s is estimated to be Npi0/30. The momentum distri-
butions were generated by drawing from the sample pi0
and η positions and momenta supplied in the MiniBooNE
data release.
The handling of the signal is similar to the treatment
given at LSND, but instead of a cut on electron recoil
energy we employ a cut on the electron recoil angle rela-
tive to the beamline direction of cos θe > 0.99. This cut
removes nearly all of the neutrino background, and the
exclusion curve in Fig. 4 was made for 2.3 events with a
detection efficiency of 35%. This exclusion curve demon-
strates the same sharp cutoff as LSND, but appears at a
larger mass due to the higher energy, effectively extend-
ing the lifetime of the γ′ due to the larger boost factor.
An interesting quirk of the MiniBooNE detector is its
difficulty in differentiating electrons and photons. This
leads to the possibility of extending the analysis to higher
masses by reconstructing the recoil electron and sec-
ondary photon produced through ae → γ′e → γae as a
photon pair produced through pi0 → γγ. The relevant
MiniBooNE analysis [68] requires
√
s ∈ [80, 200] MeV
and the invariant mass of the recoil electron and de-
cay photon produced through a-electron scattering is too
small to survive the cuts, as shown for a sample in Fig.
9. Were further analysis focused on
√
s ≤ 80 MeV per-
formed, it is possible that the constraints could be ex-
tended to larger masses.
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FIG. 9. Invariant mass spectrum of the photon and recoil elec-
tron produced through ae→ γ′e→ γae, where s = (pγ+pe)2.
The histogram shown is for the MiniBooNE off-target run, in
which the proton beam was impacted on the 50 m steel beam
dump, with mγ′ = 3 MeV and Gaγγ′ = 0.01. This invariant
mass range is too small to survive the cuts placed by the Mini-
BooNE pi0 reconstruction, as it requires
√
s = [80, 200] MeV.
A search of the mγγ spectrum for smaller invariant masses
would be sensitive to this scenario.
VI. BEAM DUMP EXPERIMENTS
A. CHARM
Beam dump experiments impact high intensity beams
of protons and electrons on thick targets in order to gen-
erate weakly coupled particles, either directly or through
the subsequent decays of heavy particles in a downstream
decay volume. These particles then travel tens to hun-
dreds of meters through beam stops, dirt and air before
being detected through either their decay into Standard
Model particles or, in the case of neutrinos, their scatter-
ing interactions with the detector material. This section
considers the sensitivity to the dark axion portal of two
CHARM searches for heavy neutrinos.
Both analyses follow Refs. [71, 72] and consider pro-
duction through pi0 and η decays. Following the previous
works, the ratio of η mesons to pi0 mesons is taken to
be Npi0/Nη = 0.078. While η
′ decays could also be con-
sidered in order reach larger mγ′ , it is the rapid decline
in the lifetime of the γ′ with increasing mass and the
distance to the detector that determines the mγ′ reach
of the CHARM experiment rather than the phase space,
and branching ratio, available in meson decays. As it
is produced in smaller quantities than the η and pi0, we
will neglect the η′ contribution in this work. The overall
pi0 production rate as well as its momentum distribution
was calculated with the BMPT distribution for a 300 cm
copper target [73]. The BMPT distribution is also used
for the η momentum distribution, as the pi0 and η mo-
mentum distributions are expected to be quite similar.
The CHARM fine-grain target calorimeter is composed
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FIG. 10. The branching ratio of γ′ → ae+e−, only considering
decays through the aγγ′ vertex.
of 72 marble plates with a thickness of 8 cm, spaced 20 cm
apart with scintillation counters and proportional drift
tubes inserted in the intervening space [74]. The center
of the detector is located 487.3 m downstream from the
target. The fiducial volume is made up of a cross-section
of 2.4 × 2.4 m2, beginning at target plane 3 and ending at
target plane 59, with the first three planes serving as ve-
toes for particle production in the upstream muon spec-
trometer. The last 14 planes are used for shower mea-
surements, as particles produced in these planes might
escape the detector before depositing sufficient energy to
correctly reconstruct the shower.
We now consider two analyses that we will label (1)
and (2). In analysis (1), the detector was used in a
heavy neutrino decay search [75] with 7.1×1018 POT.
The analysis searched for electron-positron pairs pro-
duced through neutrino decays, where the resulting elec-
tromagnetic showers possessed E ∈ [7.5, 50] GeV and
E2θ2 < 0.54 GeV2. Of particular interest for the dark ax-
ion portal, single photon emission such as that produced
through the decay γ′ → aγ, could also survive these cuts.
This is the dominant decay channel for the γ′ in the dark
axion portal. The analysis attributed 1 ± 49 events to
heavy neutrino decays, and we conservatively exclude re-
gions of the parameter space that generate more than 99
events.
In analysis (2), a search for electron positron pair pro-
duction was conducted in a 35 m long decay volume with
a cross section of 3 × 3 m2 [76]. This decay region
is parallel to the neutrino beamline, but offset by 5 m.
This data was used to constrain dark photon decays in
Ref. [72]. This search required the electron-positron
pair to possess greater than 3 GeV of energy. The de-
cay γ′ → ae+e− is rare compared to the radiative decay
channel, with a branching fraction rising to nearly 2% for
mγ′ ∼ 100 MeV (see Fig. 10). This analysis was only per-
formed on 2.4×1018 POT, and recorded zero background
events. We exclude regions of the parameter space for
which this analysis would have observed more than 2.3
events.
Both analyses described above were simulated with a
modified version of the BdNMC code, previously de-
scribed in Sec. V. The event rate calculation is similar
to that shown in Eq. (19), but with Nscatters → Ndecays
and a different calculation of the event probability for
some γ′ i:
Pdecay,i = Br(γ
′ → X)
[
exp
(
−L1,iEi
cτm
)
− exp
(
−L2,iEi
cτm
)]
,
(21)
where Br(γ′ → X) is the probability of the γ′ decaying
via the channel of interest, with X = aγ for analysis
(1) and X = ae+e− for analysis (2), Ei is the γ′ energy
and L1,i, L2,i are the distances from the center of the
production target at which γ′ i’s trajectory enters and
exits the target, respectively.
The constraints placed by CHARM on the dark axion
portal are shown in Fig. 4. Due to a combination of the
far larger radiative branching ratio and larger exposure,
analysis (1) places stronger limits than analysis (2) and
the contour shown is entirely due to the γ′ → aγ signal.
Note that unlike searches for e+e− pairs, the contour
shown extends to masses below mγ′ = 2me.
B. Electron Beam Dumps
Also considered were electron beam dumps, with
the E137 experiment [77] taken as a test case. E137
was a beam dump experiment that searched for
metastable hidden sector particles, generating them
through bremsstrahlung by impacting 30 C of 20 GeV
electrons on an Aluminum target. The particles then
travelled 383 m to a detector, the exact makeup of which
changed between the two runs of the experiment. The
signal required for detection, more than 1 GeV of en-
ergy deposited in the electromagnetic calorimeters [78],
is easily satisfied by the dark axion portal through in-
elastic scattering with electrons in the detector. The
bremsstrahlung cross section eN → eNγ′a was calcu-
lated with CalcHEP 3.6.27 [35, 36] and CT10 parton dis-
tribution functions [79]. Unfortunately, the cross section
appears to be far too small (on the order of several hun-
dred pb) to generate any events without a prohibitively
large value of Gaγγ′ . This heavy suppression should ex-
tend to all electron beam dumps, and without some ad-
ditional enhancement to the production rate, they are
unable to place strong limits on the scenario.
VII. SUMMARY AND DISCUSSION
We studied implications of the dark axion portal for
the lepton g−2, B-factories, fixed target neutrino exper-
iments and the CHARM experiment in the ma  mγ′
limit. We focused on the dark photon masses for which
B-factories are most sensitive, roughly from 1 MeV to
10
10 GeV, and we restricted our plotted results to this win-
dow in Fig. 4. BaBar and Belle-II have too little en-
ergy to produce an on-shell γ′ with a mass much larger
than 10.2 GeV. It is important to consider the lifetime
of the γ′ for mγ′ below a hundred MeV, as it becomes
increasingly likely that the dark photon will escape the
detector before decaying in an observable fashion. This
is reflected in the gradual decline in the sensitivity for
smaller masses as the γ′ lifetime becomes comparable to
the size of the BaBar and Belle-II experiments. The mass
reach could be extended in both directions by consider-
ing off-shell dark photon production through the pro-
cess e+e− → aγ′∗ → aaγ, though this cross section is
suppressed by several orders of magnitude relative to
e+e− → aγ′.
The finite lifetime of the γ′ is exploited in the analysis
of the CHARM experiment, where we search for observ-
able decays of the γ′. Both the γ′ → aγ and γ′ → ae+e−
were considered, and the former mode was found to pro-
vide the best constraints. Note that the constraint from
the CHARM experiment possesses both an upper and
lower bound, as is characteristic of searches for rare de-
cays in beam dumps. These curves are determined in
large part by the lifetime of the γ′, which scales with
G−2aγγ′ . The optimal signal is found when the mean travel
distance of the γ′ is approximately equal to the distance
to the detector. If Gaγγ′ is too large, the lifetime is short
and it decays before reaching the detector. The upper
bound slopes downward because the lifetime also declines
with increasing mass. If Gaγγ′ is too small, the γ
′ will
be likely to propagate far beyond the detector, reducing
its probability of decaying inside the detector. The lower
bound is also affected by the overall γ′ production rate,
which declines as G2aγγ′ . It is the product of these two
effects that determines the lower bound of the CHARM
exclusion.
The LSND and MiniBooNE analyses are greatly
weakened by the short-lived γ′, as only a particles
are sufficiently long-lived to reach the detector for
mγ′ ≥ few MeV. The a scatters inelastically into γ′, the
radiative decay of which changes the observed signal.
The cutoff in the sensitivity observed in Fig. 4 appears
when the γ′ is unlikely to escape the detector before de-
caying.
We also investigated the effects on both the muon and
electron g−2 in a conservative manner, though they only
imposed meaningful constraints at relatively low masses.
These limits become stronger at low masses, as the con-
tribution from the internal γ′ − a loop is suppressed by
a large mγ′ .
We now move on to possible extensions of this work.
While we have restricted our attention to monophoton
searches at asymmetric B-factories, e+e− colliders could
potentially probe the scenario in other ways. As men-
tioned in Ref. [52] in the context of axion-like par-
ticles, e+e− → e+e− + aγ′ is an intriguing channel,
with final states ranging from e+e− + missing energy to
e+e− + multiple photons depending on the lifetimes of
the dark particles, but has yet to see an experimental
analysis.
Evidence of γ → aγ′ conversion may also be found
in radiative meson decays, but the rapid decay of the
γ′ complicates the signal for larger values of mγ′ . For
long-lived γ′’s, we can compare the limit of Br(pi0 →
γνν¯) < 6 × 10−4 placed by Ref. [80] to the branching
fraction of pi0 → aγγ′, a decay with a similar end-state.
Unfortunately, this branching fraction is quite small, and
the possible limit of Gaγγ′ ∼> 1 GeV−1 is not competitive
with those placed by electron or muon g−2. For a short-
lived γ′, the signal would be pi0 → γγ + Missing Energy,
which would require a measurement of the invariant mass
distribution of the end-state photons. Limits could also
be derived by comparing K+ → pi+νν¯ [81] to K+ →
pi+(γ? → aγ′) or φ → pi0γ to φ → pi0a(γ′ → aγ) [82].
For much larger masses, one could look to the Higgs decay
H → γγ? → γγ + Missing Energy.
Future directions of interest involve exploring the im-
plications of a long-lived γ′ more thoroughly, as planned
beam dump experiments such as SHiP [83] could be sen-
sitive to monophotons produced through γ′ → aγ. In
the case of very long-lived dark photons, inelastic a or
γ′ scattering inside the detectors of future fixed target
neutrino experiments such as those associated with the
Short Baseline Neutrino program [84], and reactor neu-
trino experiments [85, 86] could also be useful search av-
enues. Missing momentum/energy experiments such as
NA64 [87] provide another probe of the parameter space
that may be worth consideration. The constraints from
a-electron scattering at fixed target experiments should
also be extended to consider the effects of the a-γ-γ ver-
tex, though in many cases this will resemble a rescaling
of existing limits on axion-like particles coupled predom-
inantly to photons.
For masses below a few MeV, constraints from stellar
cooling and supernovae become interesting, as both the a
and the γ′ provide potential carriers for additional energy
loss [88, 90], as well as production from the sun [89]. It
should be noted that the production is suppressed from
standard dark photon or axion-like particle searches by
the requirement that both an a and a γ′ are produced
simultaneously. A more complete treatment of this limit
would require the inclusion of the a-γ-γ vertex, as even at
a suppressed rate, a reabsorption would have a significant
effect on stellar energy loss due to dark particle emission.
The γ′ could escape, but this signal is suppressed by de-
cay to an a− γ pair before escape, or inelastical scatter-
ing into an a through γ mediated interactions with stellar
material.
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Appendix A: Renormalization and Lepton g − 2
As mentioned in Sec. IV, the dark axion portal in-
troduces a new two-loop contribution (see Fig. 5) to the
lepton g−2. This contribution is not renormalizable, and
we will require additional counter terms to eliminate the
new divergences. The first step is to calculate the sub-
diagram in Fig. 11, the dark axion portal contribution
to the photon vacuum polarization,
iΠµν = − 1
F 2
∫
d4
(2pi)4
σµρδνβγσ kρqδkβqγ
[k2 −m2γ′ ][(k + q)2 −m2a]
≡ iΠ(q2)(q2gµν − qµqν)
(A1)
where
Π(q2) =
G2aγγ′
(4pi)2
∫ 1
0
dx[xm2a + (1− x)m2γ′ − x(1− x)q2](
2

− γ + log(4pi)− log(xm2a + (1− x)m2γ′ − x(1− x)q2)
)
.
(A2)
The integral in Eq. ((A2)) is quadratically divergent,
and we will need to add an additional quadratically di-
vergent term to the lagrangian to cancel the infinities,
Ldark axion portal 3 c
4Λ2
∂ρFµν∂
ρFµν , (A3)
where c is a free parameter, and Λ is some cut-off scale.
The most straightforward approach (and the one we will
adopt) would be to set Λ = G−1aγγ′ and use G
−1
aγγ′ as the
cut-off scale, although it is not mandatory.
In this case, the photon propagator should be modi-
fied. If we keep all possible interactions and corrections
to O(G2aγγ′), the quadratic lagrangian for the photon is
given by
Lkin = −1
4
FµνF
µν +
cG2aγγ′
4
∂ρFµν∂
ρFµν
− 1
2ξ
[
(∂µA
µ)2 − cG2aγγ′(∂ρ∂µAµ)2
] (A4)
in the ξ−gauge. This can be rewritten as
1
2
Aµ
[
∂2gµν − (1− 1
ξ
∂µ∂ν)
] [
1 + cG2aγγ′
]
Aν , (A5)
up to total divergences. The photon propagator is writ-
ten as
−i
(k2 + i)[1− cG2aγγ′k2]
[gµν + (1− ξ)k] . (A6)
Note that the propagating part of the propagator can be
rewritten as
1
k2[1− cGaγγ′k2] =
1
k2
− 1
k2 − 1
cG2
aγγ′
(A7)
from which we see that the quartic derivative of the pho-
ton field plays the role of the Pauli-Villars regulator,
which introduces a ‘ghost’ with a mass term (cG2aγγ′)
−1.
In order to prevent the super-luminal propagation of the
ghost, we require c > 0.
It is interesting to note that the non-renormalizable
term of Eq. ((A3)) has parallels with the Lee-Wick Stan-
dard Model . In this model, by putting the Pauli-Villars
regulator as Eq. ((A7)), the degree of divergence in the
loop diagram is reduced. As a result, QED becomes
UV finite [91, 92], and when extended to the SM, the
quadratic divergence in the Higgs mass correction is re-
moved [93]. In order to make the theory unitary, the
integration contour in the Feynman diagram is modified,
at the price of which the causality is violated microscop-
ically [94–96].
With the inclusion of the additional counter term, we
can write the renormalized form of Π(q2),
ΠR(q
2) = Π(q2)−Π(0)− q2Π′(0) (A8)
where ΠR(q
2) is finite, and Π′(0) = dΠ(q
2)
dq2
∣∣∣
q2=0
.
The expression for ΠR(q
2) can be found in Eq. ((12)),
as well as its application in calculating electron and muon
g − 2.
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